The urgent need for a vaccine against human CMV Human CMV (HCMV) is an important cause of disease in immunologically compromised individuals, including recipients of solid organ and hematopoietic stem cell transplants and patients with advanced HIV disease. At greatest risk for HCMVassociated injury, however, is the developing fetus. HCMV is the most common agent of congenital viral infection in the United States, and among all infectious diseases is the most common cause of childhood neurological disability, including deafness, in the developed world (1, 2) . Since severe and symptomatic congenital HCMV infections can be associated with a lifetime of disability, the economic burden associated with this infection is striking. When the Institute of Medicine was commissioned to prioritize vaccine development for the new millennium based on, among other factors, quality-adjusted life years (a marker of economic benefit), a vaccine for HCMV was ranked "head-and-shoulders" above all other potential new vaccines with respect to overall cost-effectiveness (3) .
Although the need for an HCMV vaccine is compelling, it is less clear to whom such a vaccine should be administered, and what the constituents of such a vaccine should be. The correlates of protective immunity remain undefined, both for the nonpregnant individual and for the developing fetus. Subunit vaccines, typically based on recombinant expression of key targets of humoral and cellular immune responses to HCMV infection, have been evaluated in clinical trials, as have live-attenuated vaccines (4) . Until recently, clinical trials have yielded little information about the potential for protective efficacy, largely because most studies have focused on the end points of safety and immunogenicity and not the end point of protection against HCMV infection. A breakthrough in the HCMV vaccine field came in 2009, when, for the first time, a vaccine was shown to be effective against acquiring primary infection (5). This vaccine was based on a purified, recombinant formulation of the major envelope glycoprotein B, administered with a proprietary adjuvant known as MF59. In a phase II, placebo-controlled study, 18 of 225 (8%) women who received gB/MF59 vaccine acquired a primary HCMV infection in the one-year study window, compared with 31 of 216 in the placebo group (14%), for an overall vaccine efficacy of 50% (5) . These data represent a major advance in the field, since they are the first evidence of efficacy for prevention against infection for any HCMV vaccine. However, questions remain about whether an immune response targeting a single HCMV protein can be sufficient for long-term disease control through vaccination and if a liveattenuated vaccine might represent a better solution, by conferring the broadest possible blanket of immunity against multiple HCMV gene products.
HCMV genes compromise immunity and complicate vaccine design
One of the most remarkable aspects of the biology of HCMV that has only recently begun to be elucidated is the role that multiple virus-encoded immune modulation genes play in the establishment (or lack thereof) of long-term immunity to this infection (6) . Many of these immune modulation genes appear to be homologs of normal cellular immune effectors, presumably having been "hijacked" from the host genome during the course of coevolution of virus and host. Several of these gene products interfere with host adaptive immune responses, with the apparent goal of enabling immune evasion; others appear to play a proinflammatory role, seemingly to promote inflammation that presumably could facilitate widespread dissemination of CMV in the infected host. These gene products, which include cytokines, chemokines, GPCR homologs, and inhibitors of MHC class I and class II antigen presentation, are summarized in Table 1 .
In addition to gene products that appear to modulate adaptive immune responses, HCMV also encodes proteins that impact innate responses, particularly the function of NK cells (Figure 1 and ref. 7 ). HCMV has evolved several genes that interact with NK cell-mediated pathways, modifying pathways of both inhibition and activation. One such protein, gpUL18, is encoded by the UL18 gene and appears to exert its evasive effect by binding to the NK cell inhibitory receptor leukocyte Ig-like receptor-1 (LIR-1) with a higher affinity than does the host MHC class I molecule (8, 9) . Recently it has been shown that cells expressing another HCMV MHC class I homolog, the product of the UL142 gene, are protected from NK cell lysis (10) . The NK cell evasion effect is related to the ability of gpUL142 to downregulate MHC class I polypeptide-related sequence A (MICA), which is a ligand for NK cell activation receptor NK group 2, member D (NKG2D) (11) . A number of other CMV gene products, including those encoded by UL40, UL83, and UL141, also appear to function as NK cell evasins. The UL40 protein contains an epitope in its leader sequence that binds to HLA-E and is presented at the surface of infected cells. The gpUL40 peptide/HLA-E complex binds to CD94/NKG2A, resulting in NK cell inhibition (7). Remarkably, not all HCMV NK cell evasion genes function by encoding proteins: some gene products can promote evasion of innate immunity at the RNA level. Recently, a novel mechanism of NK cell evasion was attributed to an HCMV microRNA encoded by the HCMV UL112 gene (12) . This effect appears to require interaction between the UL112 miRNA and a cellular miRNA (13) .
What is the clinical significance of the presence of this complex array of HCMV immune modulation genes? Key to the problem of HCMV immunity is the issue of reinfection. Mounting evidence indicates that people who have cleared primary viral infection and have latent, clinically quiescent infections can be reinfected with novel strains of HCMV. Such reinfections can occur in women of child-bearing age, even in the face of long-standing immunity, and can lead to symptomatic transmission to the developing fetus, with its attendant morbidity (14) (15) (16) . The role that immune evasion genes play in the context of in vivo infection was recently authenticated in rhesus macaques (17) . In this study, macaques that had been naturally infected with rhe- (Figure 2 ). Implicit in this strategy is the hypothesis that not only could such a vaccine have an outstanding safety profile,
Figure 1
Impact of HCMV gene products on NK cell-mediated pathways of inhibition and activation. (A) Receptor-ligand interactions modulating NK cell function. MHC class I interacts with the inhibitory receptor LIR-1, and HLA-E interacts with the CD94/NKG2A receptor; both interactions result in inhibition of NK cell function. The ligands MICA, ULBP1/2, and MICB all interact with the NKG2D receptor, resulting in NK cell activation. (B) HCMV genes encode proteins that modify NK cell responses. NK cell evasion can be mediated by the HCMV UL18 gene product (gpUL18), a ligand for the inhibitory receptor LIR-1; the UL16 gene product (gpUL16), which downregulates the NKG2D activating ligands MICB and ULBP1/2; the UL142 gene product (gpUL142), which downregulates the NKG2D ligand MICA; an epitope from the leader peptide segment of the UL40-encoded protein, which loads HLA-E, driving an inhibitory signal to the NK cell via the CD94/NKG2A receptor; and a miRNA from the UL112 gene, which interacts with a cellular miRNA to inhibit MICB expression by preventing translation of MICB mRNA.
Figure 2
Recombinant MCMV overrides NK cell evasion genes, producing highly attenuated but immunogenic and protective vaccine. (A) Like HCMV, MCMV encodes a variety of gene products that interfere with NK cell-mediated viral clearance by downregulating activating ligands for NKG2D. Examples include the m145 protein, which decreases expression of MULT-1; the m155 glycoprotein, which downregulates H60; and the m152 glycoprotein, which downregulates proteins of the RAE-1 family. The m138 protein functions by downmodulating multiple NKG2D ligands, including MULT-1 and H60. NK cell evasion genes impair activation of NKG2D as indicated, resulting in viremia, disseminated infection, and end-organ disease. (B) Recombinant MCMV attenuated vaccine described by Slavuljica and colleagues (18) . Recombinant virus was engineered to express the NKG2D activating ligand RAE-1g at high levels. This modification overcomes other NK cell evasion genes, resulting in minimal replication in vivo, but eliciting strong cellular and humoral immune responses that provide protection against MCMV disease following challenge with virulent, salivary gland-adapted virus.
due to improved innate immune clearance following inoculation, but that it also could potentially be equally or more immunogenic than "natural" infection with wild-type MCMV, by virtue of increased NK cell activation leading to stronger adaptive immune responses. To engineer such a viral vaccine, Slavuljica and colleagues utilized the powerful mutagenesis techniques enabled by the availability of the MCMV genome cloned as an infectious BAC in Escherichia coli to insert a NKG2D ligand into the MCMV genome (18) , an approach that has been exploited in designing other vaccine approaches in the MCMV model (23) . The ligand employed in this study was a member of the RAE-1 family of NKG2D ligands, RAE-1g (18) . Insertion of the gene encoding RAE-1g into the MCMV genome generated a recombinant virus with a profoundly attenuated phenotype in vivo, including in transgenic mice lacking type I interferon receptor and mice that were immune suppressed. Despite this attenuation, the recombinant vaccine efficiently primed and maintained adaptive immune responses, including CD8 + T cell responses, that were comparable to those induced by wild-type MCMV. Intriguingly, in a challenge infection model, mice immunized with the RAE-1gMCMV recombinant resisted challenge with virulent salivary gland-adapted virus, with improved survival compared with mice initially infected with wild-type MCMV, suggesting that expression of the NKG2D ligand RAE-1g in the context of the recombinant MCMV provides an innate immune stimulus that results in enhanced effectiveness of the adaptive immune response compared with infection with wild-type MCMV. Adoptive transfer of CD8 + T cells from vaccinated mice to immunodepleted, infected mice resulted in protection against disease. In addition to the protective T cell effect, Slavuljica and colleagues identified an important role for antibody in a newborn pup challenge model mimicking neonatal HCMV disease (18) . It was noted that pups born to vaccinated, but not control, mice were protected against MCMV infection and disseminated disease following challenge in the newborn period, indicating a role for transplacental antibody in prevention of disease.
Similar observations suggesting an enhanced immunogenicity and protective efficacy for a live-attenuated vaccine engineered to modify the impact of viral immune modulation genes have been made in vaccine studies in another rodent CMV model - the guinea pig CMV (GPCMV) (24) . In this model, deletion of three MHC class I homologs, presumed NK cell evasins, was achieved using BAC technology. The resulting vaccine virus was highly attenuated in vivo, but vaccination was highly immunogenic and protective. Similar to the RAE 1-g vaccine generated by Slavuljica and colleagues (18) , these results suggested that the safety and efficacy of a live-attenuated HCMV vaccine could be enhanced by modification of the virus/NK cell interaction: in the case of the MCMV vaccine, by engineering a NKG2D ligand into the viral genome; and in the case of the GPCMV vaccine, by removing putative class I "decoy" genes that mediate evasion of NK cellmediated clearance (24) .
Time for human clinical trials?
What's the next step? In light of these encouraging results in the MCMV and GPCMV models (18, 24) , it seems reasonable to proceed with phase I studies of similarly constructed live-attenuated HCMV vaccines. Unfortunately, regulatory bodies have expressed some reluctance in moving forward with studies of live-attenuated HCMV vaccines, because of perceived long-term theoretical health risks associated with such vaccinations (25) . In this context, the latent infection observed with the vaccine designed by Slavuljica and colleagues (18) , which they hypothesized may help "boost" long-term immune responses during episodes of abortive reactivation, may not be advantageous for an HCMV vaccine. Additional studies are warranted in rodent models to try to optimize both attenuation and immunogenicity of live-attenuated vaccines. However, clinical trials of candidate live-attenuated HCMV vaccines should not be delayed until exhaustive evaluations are completed in animal models. The intriguing data reported by Slavuljica and colleagues (18) demonstrating feasibility and efficacy of a rationally engineered vaccine in a relevant animal model should help drive translational studies of analogous approaches in human clinical trials. The exciting advent of molecular technologies to "reengineer" live virus vaccines may be applicable to other live virus vaccines used in clinical practice. These improvements in vaccine technology - aimed at not only improving efficacy but also ensuring safety - should in turn help increase confidence in the safety and vital importance of all vaccines in clinical practice.
